In December 2015, northern England experienced two major flooding events with extreme, even in some locations unprecedented, rainfalls and flooding. New 24-, 36-, and 48-hour UK rainfall records were created of 341.4, 401.4, and 405.2 mm, respectively. Three river-flow gauging stations, with flows of around 1,700 m 3 /s exceeded the previous peak flow record for England and Wales. There was widespread flooding, including major towns and cities, some of which had recent flood alleviation schemes. In Cumbria, the flood events in 2005, 2009 and 2015 compared with previous and historical events raise questions about the stationarity of the flood data and flood-producing mechanisms. These possible effects are less apparent elsewhere in northern England. This paper discusses whether present methods of estimating flood risk are able to cope with such extreme events and suggests topics for future research. In the meantime, for studies where flood estimates are important, practical hydrologists are faced with the difficult task of producing design flood estimates which fit with our understanding of these events. Downloaded from https://iwaponline.com/hr/article-pdf/49/2/568/196361/nh0490568.pdf by guest rarity and spatial extent of the flooding, though it does not apply to all locations; the terms 'extreme' or 'exceptional' might also be applied. Record 24-, 36-, and 48-hour rainfalls for the UK were recorded. Much of northern England was affected, and some locations were flooded more than once. York (where the majority of flooding was from the Foss rather than the Ouse).
INTRODUCTION

WEATHER SYSTEMS
The winter weather of 2015/16 was dominated by a series of low pressure systems which tracked in from the Atlantic, and when combined with warm, wet air from the southwest produced sustained and heavy rainfall. Northern England experienced around twice the normal November rainfall. Thus immediately before the heavy rainfalls at the start of December much of the ground was already wet or saturated.
Storm Desmond was an extra-tropical cyclone with a warm conveyor system driven by strong winds which gave a prolonged warm and moist south-westerly (Tropical Maritime) airstream. Where there was significant orographic enhancement these gave prolonged heavy rainfall lasting for around 36 hours. Thus, although rainfalls were not intense, the totals were exceptional in some locations. After Storm Eva, another warm frontal zone passed over the UK on the morning of 25th December, bringing scattered showers and by the evening an occluded front over northern England brought more intense storms, which were followed by a second pulse of frontal rain from the early hours of 26th December.
RECORDED RAINFALL
The spatial pattern of rainfall 
Rainfall depths and return periods
Tables 2 and 3 list rainfall depths and indicative return periods at selected raingauges.
Rainfall return periods
This paper quotes the frequency of rainfall and floods in terms of return period, the average interval between years containing one or more floods greater than a given magnitude (Institute of Hydrology ). The term 'return period' is used because it coincides with that in the Flood Estimation Handbook (Institute of Hydrology ). Thus a 100-year event has a likelihood of 1/100 of occurring or being exceeded in any one year, which can also be expressed as an Annual Exceedance Probability (AEP) of 1%.
The FEH Web Service () provides catchment-averaged rainfall depth-duration-frequency (DDF) relationships from two methods, referred to as FEH1999 and FEH2013.
The FEH Web Service does not provide point rainfall (such as at a raingauge) DDF relationships from the FEH1999 method, and these return periods were derived using the FEH CD-ROM. FEH1999 follows Volume 2 of the Flood Estimation Handbook (Faulkner ) and FEH2013 results from a comprehensive update (Stewart et al. ) . The range of estimated return periods in Table 2 are based on both methods. At very low return periods the estimates by the FEH1999 and FEH2013 methods are very similar. Above around 20 or 30 years, return periods by the FEH2013 method are nearly always higher than FEH1999 for all the stations in Table 2 except Honister. In some cases return periods using FEH2013 can be much more than 1000 years for durations of 24 hours or more -for example, at Brotherswater the return periods for 24 and 36 hours are 2844 years and 8643 years, respectively.
Although it used improved statistical analyses and is based on more recent data than FEH1999, the dataset As shown in Table 4 Only three days in November and December 2015 had no rain.
The rainfall on 14 November 2015 is from Storm Abigail, which was the first named storm in the UK.
The daily rainfalls from Storm Desmond are amongst the highest in the 95 years of record, the 1-day rainfall of 131 mm is rank 4, the 2-day rainfall of 237 mm is rank 2, and the 3-day rainfall of 280.4 mm is rank 2. By the FEH2013 method these depths have return periods of 125, 1025 and 1320 years, respectively -so at this station FEH2013 appears to over-estimate the return periods of the 2-day and 3-day rainfalls in Storm Desmond.
Comparison of event rainfalls in January 2005, November 2009 and Storm Desmond
The January 2005 event is described in Environment Agency () and the November 2009 event in Environment Agency () and Stewart et al. () . December 2015 was much the more significant -heavy rainfalls were more widespread and were generally higher. As an example, Post-event survey recovered most of the peak levels which had not been recorded during the events.
At most river gauging stations, the stage is measured and converted to flow using a rating curve. The accuracy of flow estimates in large events has considerably improved in recent years, due to a combined approach using Acoustic Peak river flows Tables 7 and 8 summarise the peak flows at key stations.
Bearing in mind the comments above, peak flows have some uncertainty, and some flows are still provisional, awaiting more detailed hydraulic modelling and review. Return periods have been derived based on the current estimate of the peak flow and applying standard FEH methods 
Trends in annual maxima
Some of the above stations show consistent upward trends, though without December 2015 the visual trend may be less convincing. Similar apparent trends occur at a number of upstream stations in the north-west. Table 9 shows the results of a Mann-Kendall test for trend on the annual maxima (from the start of the record)
for the stations shown in Figure 6 , for all stations with a confidence greater than 90%. Three of the four Cumbrian stations have a confidence of 94% or more when 2015 is included. However, except for the Roch at Blackford and from 1981 by Kielder Reservoir, which drains around 11% of the catchment to Bywell. The sample in Table 9 is small and further investigation of Cumbrian stations will be carried out.
Stations used for trend analysis should be consistent over the period of record analysed (i.e. no significant changes at the station) and the data itself should be of high quality. A classification of 'OK for pooling' in the NRFA Peak Flow dataset should be a prerequisite if flows are analysed, but that classification by itself may not be sufficient. The data at the stations above which have test values greater than 90% are considered to be of sufficient quality for the analyses. Quinn () discusses the assumptions behind use of flood peak data -that the data are accurate, independent, homogeneous and stationary.
Discussion
With the wet ground conditions and high lake levels before the rainfall on 4th and 5th December, we would expect that river flow return periods would be higher (i.e. rarer) than rainfall return period estimates. However, Table 10 shows that at many catchments this is not the case. These results 
Effect of storm duration
The critical storm duration will vary considerably from catchment to catchment, increasing with factors such as catchment size and the effect of lakes and reservoirs. The attenuation in the large lakes (and the system of large lakes and reservoirs in the Derwent catchment) not only delays and lowers the peak flows but also smooths the outflow hydrographs so that lake outflows are relatively insensitive to changes in rainfall intensity during the event.
Thus, the peak flow may be sensitive to the rainfall intensity over the critical storm duration at upstream locations such as Appleby but will be less sensitive to this at downstream lake-affected locations such as Cockermouth.
Summary
The peak flows were thus related to both exceptional rainfalls at orographically enhanced locations and very high percentage runoffs, giving in combination large volumes of water which filled the lakes and reservoirs. 
LAKE LEVELS
Ullswater
The destruction of the road bridge at Pooley Bridge at the outlet to Ullswater suggests that this was the largest event since the bridge was built in 1764.
Summary of lake history
In summary, the available evidence suggests that November 2009 and December 2015 were the highest known events, including the historical record, on Ullswater, Windermere, Derwentwater and Bassenthwaite.
HYDROLOGIC AND HYDRAULIC MODELLING
As part of the post-event work, the Environment Agency and its consultants carried out extensive hydrologic and hydraulic modelling. Table 12 lists the main studies carried out for north-west England. These modelling studies feed into the Cumbria Flood Action Plan and investigations of options at specific locations. Two examples are described in more detail.
Event verification
Event verification has been a critical activity to provide con- Table 4 the return period of the catchment rainfall over 36 hours is 485 years. 
ISSUES ARISING IN FLOOD ESTIMATION Should FEH methods be applied differently?
There has been considerable discussion about the appli- If local stations are used more in a pooling group the spatial correlation will be increased, and this may mean that the growth curve is based to an increasing extent on the same flood events, which are not independent (e.g. 
Quinn ).
Confidence limits
Flood peaks
Long-term changes in peak flows might be caused by climate change, urbanisation, changes in land use or soil or land drainage, or by man-made changes such as reservoirs and flood alleviation schemes.
The graph in Figure 6 (a) and the Mann-Kendall tests in Table 9 show a clear increasing trend at the Cumbrian river There are relatively few specific publications on clustering. A generalised extreme value distribution was fitted under stationary and non-stationary assumptions, and the best fit was found by allowing both the location and scale parameters to vary linearly with time as a covariate.
The distribution was fitted using the generalised maximum likelihood estimation method of El Adlouni et al.
(). The results are summarised in Table 14 and with modelling to derive factors for increases in future As discussed in the section above on Lake Levels, lakes and reservoirs (and also some floodplains) tend to absorb small events but have less attenuation effect as the flood volume increases -hence the results for Pooley Bridge and Ouse Bridge in Table 7 . This effect is important to many locations in the Lake District. 
CONCLUSIONS The December 2015 events
The weather systems of Storm Desmond were similar to the events in January 2005 and November 2009, creating orographically enhanced rainfalls over the central Cumbrian hills which were not intense, but continued for around 36 hours.
Of these three events, rainfalls for Storm Desmond were more widespread and generally heavier. Storm Desmond created new UK maximum rainfalls over 24 to 48 hours.
With exceptional rainfall depths falling on ground which was already wet or saturated due to rainfalls twice the average for the month in November, Storm Desmond caused many rivers to rise to flooding levels. At many
locations Storm Desmond appears to have caused the largest known floods in both the gauged and known historical records. In the north-east, flooding was confined largely to the catchment of the Tyne, and although return periods were high, the event was not as exceptional as in Cumbria.
The Christmas 2015 event caused serious flooding at many locations in Lancashire and West Yorkshire, but the event was not as exceptional as Storm Desmond.
The Mann-Kendall test statistics in Table 9 indicate an increasing trend in annual maxima flows for the Cumbrian stations, in some cases even without the December 2015 event. With the exception of the Roch at Blackford Bridge, this increasing trend is not shown for the stations in Lancashire and the north-east. The sample size for each county in Table 9 is small, and further and more detailed investigations will be carried out.
Implications for flood estimation
Extreme events happen. It is therefore necessary for flood estimation methods to be sufficiently flexible that extreme effects can be included in the modelling. 
Local and historical data
More use should be made of local gauged data. Where a local or donor gauging station has been operated as 'levels-only', it will often be worth deriving even an approximate rating curve to estimate QMED. 
